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Abstract

The R2Pub, built by Beijing Planetarium, is a state-of-the-art 60 cm equatorial binocular telescope located at the
Daocheng Site (with an altitude of 4700 m) of Yunnan Observatories in China. This paper provides an overview
of the R2Pub telescope system, discusses its design and capabilities, and presents an evaluation of its performance
for astronomical surveys. R2Pub is a prime-focus binocular system, with each tube covering a field of view of
about 18 deg”. This system is designed to detect various transients in local universe, including variables, eclipsing
binaries, supernovae, gamma-ray bursts afterglow, tidal disruption events, Active Galactic Nuclei, and other
unknown transients, which are ideal targets for both time-domain astronomy research and science population. The
entire R2Pub system has completed the construction and installation of all observatory infrastructure, including
the dome, equatorial mount, optical tube, and associated components, and has now entered the commissioning
phase. The high-altitude location, good seeing, and dark background sky light at Daocheng site ensure optimal
observational conditions for time-domain astronomy. Performance testing during the commissioning phase has
demonstrated that the R2Pub system can achieve a 5o limiting magnitude of approximately 18.7 mag in the Pan-
STARRS r’band for 60 s exposures. The ongoing observations from R2Pub is expected to contribute significantly
to the study of time-variable phenomena in the universe and greatly improve the public outreach in astronomy. In
particular, the binocular telescope systems capable of simultaneous dual-band observations can obtain the
instantaneous color information of transient sources, enabling more accurate characterization of their physical
properties and evolution, and providing a significant advantage in rapid distinguishing different classes of
variables and transients.

Unified Astronomy Thesaurus concepts: Optical telescopes (1174); Wide-field telescopes (1800); Astronomical
instrumentation (799); Surveys (1671); Transient detection (1957)

1. Introduction

Time-domain astronomy is an emerging frontier of astro-
physics that explores the temporal variations of celestial
objects through repeated observations of the same region of
the sky. The rapid development of this field has been driven by
progresses in observational technologies, particularly break-
throughs in high-sensitivity detectors and high-time-resolution
observational capabilities. Key parameters of representative
time-domain survey facilities are listed in Table 1.

The continuous improvements of large-area charge—coupled
device (CCD) detectors, complementary metal-oxide—semi-
conductor (CMOS) detectors, and tiled large-aperture detector
technologies, combined with advances in data processing and
the introduction of robotic observation systems, have led to
accelerating developments in time-domain astronomy. Over
the past decade, several wide-field optical survey projects have
emerged, significantly advanced the discovery and study of
transient objects, such as supernovae (SNe), variable stars,
active galactic nuclei (AGN), and tidal disruption events
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Table 1
Key Parameters of Selected Time-domain Survey Facilities
Survey® Aperture (m) Tubes x Mounts/Site Sites FoV (per tube/per mount) Limiting mag (Filter, fexp) Cadence
(deg?)
ASAS-SN 0.14/4 x 1/2 45/18 ~17(V, 270 s) ~1x/2-3 nights
ATLAS(1-4) 0.5/1 x 1/4 30/30 ~19.7(50, c/o, 30 s) 3-4x/1 night
ATLAS(S) 0.28/4 x 4/1 7.3/7.3 ~19-20(c, 30 s) same as ATLAS(1-4)
BlackGEM 0.65/1 x 3/1 2.7/8.2 ~22(50, r, 300 s) multi-visits/1 night (selected fields)
GOTO 0.4/8 x 2/2 5/44 ~18.6(50, L, 180's) ~1x /2-3 nights
LSST 8.4/1 x 1/1 9.6/9.6 ~24.5(50, r, 30's) ~1x /3 nights
Mini-SiTian 0.3/3 x 1/1 3.5/3.5 ~19.5(50, g, 300 s) ~30 minutes revisit/field (gri bands)
TMTS 0.4/4 x 1/1 45/18 ~19.4(30, L, 60 s) multi-visits /night (selected fields)
R2Pub 0.6/2 x 1/1 18/18 ~18.7(50, 1,60 s) ~1x /2 nights
TESS 0.1/4 x 1/1 570/2300 ~19.6(30, W, 30 minutes) 27 days/sector
WEFST 25/1 x 1/1 6.5/6.5 ~23.0(50, r, 30 s) see notes”
ZTF 1.22/1 x 1/1 47/47 ~20.6(50, r, 30's) 2-3x /1 night

Notes. FoV = field of view. Limiting magnitudes represent typical single-visit or coadded depths (filter, exposure). Cadence values are representative and strategy-

dependent.

% ASAS-SN: Shappee et al. (2014), Kochanek et al. (2017), ATLAS(1-4): Tonry (2011), Tonry et al. (2018); ATLAS(5): Licandro et al. (2023); BlackGEM: Groot
et al. (2024); GOTO: Dyer et al. (2018), Makrygianni et al. (2021); LSST: LSST Science Collaboration et al. (2009); Mini-SiTian: Han et al. (2025), Liu et al.
(2021), Wang et al. (2025); TMTS: Zhang et al. (2020); TESS: Ricker et al. (2015); WFST. Wang et al. (2023), Lei et al. (2023); ZTF: Bellm et al. (2019).

® WFST survey strategy: Wide Field Survey ~20 minutes revisits in multiple bands; Deep High-Cadence ugr Survey ~1 hr revisits around new moon.

(TDES). In recent years, there are many projects that have been
proposed to detect and track these rapidly changing celestial
objects in much shorter time frames using more sensitive and
efficient technologies.

One notable example is the Zwicky Transient Facility (ZTF;
Bellm et al. 2019) survey project. The ZTF project employs a
large CCD detector array that offers a vast field of view of
about 47 deg?, with a pixel scale of 170 pixel ', allowing for
efficient coverage of the visible sky in the northern hemisphere
in a short period of time. The typical observation cadence for
the ZTF survey is 2-3 days, enabling timely monitoring and
capturing the young phase of newly discovered transients.
Another well-known time-domain survey is the Asteroid
Terrestrial-impact Last Alert System (ATLAS; Tonry 2011),
operating globally with a network of 0.5 m telescopes, each
covering approximately 30deg® with a resolution of
1/86 pixel "'. The ATLAS monitored the entire visible night
sky roughly every 24 hr, providing exceptional cadence ideal
for detecting rapidly evolving transients and potentially
hazardous asteroids. Whereas, the All-Sky Automated Survey
for SuperNovae (ASAS-SN; Shappee et al. 2014) is a global
monitoring network using multi-tube 14 cm telescopes, with
each having a FoV of about 4.5 deg”. ASAS-SN can monitor
the entire visible sky every night down to V ~ 17 mag,
providing uniform all-sky search of bright transients.

Note that the Vera Rubin Observatory (LSST; LSST Science
Collaboration et al. 2009), with an 8.4 m aperture telescope and
3.2 billion pixel CCD detector array, is becoming the most
powerful time-domain project in the coming decades. It can view
a9.62 deg” patch of sky with a detection depth down to 24.5 mag

in a 30s visit. It is expected to discover thousands of various
transients every night, including numerous supernovae that can
be used to probe dynamic evolution of the universe.

All of the above surveys are operated in single band and
cannot obtain simultaneous color information for transients at
the same time. The Tsinghua University—-M. Huateng Tele-
scopes (TMTS; Zhang et al. 2020) is an array of four co-
mounted tubes at Xinglong Observatory, with each having a
FoV of about 4.5 deg®. Although this telescope array can
operate in two bands at the same time, it still operates in the L
band (Luminance L filter in the LRGB system) over the past
few years to maximize the monitoring sky areas. With
relatively better angular resolution and deeper detection limit,
TMTS discovered numerous short-period variable stars and
eclipsing binaries (Lin et al. 2022, 2023). Owing to be located
at the same site with LAMOST (Cui et al. 2012), it also
provides great synergies with the spectroscopic observations.

Although the existing wide-field surveys have significantly
advanced time-domain astronomy, synchronized multi-band
data are still absent, which are crucial to place tight constraints
on physical origins of some high-energetic transients,
especially for SNe, kilonovas, TDEs and AGNs. For example,
rapid color evolution in kilonovae (Li & Paczyriski 1998;
Metzger et al. 2010), early photometric behavior of Type Ia
SNe (Nomoto 1982a, 1982b; Kasen 2010; Woosley &
Kasen 2011; Lim et al. 2023), and shock cooling signals in
core-collapse SNe (Bersten et al. 2013; Waxman & Katz 2017;
Li et al. 2024) all require near-simultaneous multi-band
monitoring to constrain progenitors, explosion mechanisms,
and circumstellar environments.
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Figure 1. Layout of the shell of the R2Pub telescope. Adapted from Astro
Systeme Austria GmbH (ASA), used with permission.

Based on the aforementioned objectives, we have con-
structed the R2Pub telescope system. The name R2Pub stands
for “from Research to Public outreach,” reflecting the dual
mission of the Beijing Planetarium to focus not only on
scientific research but also on science popularization. Fulfilling
this mission also entails effective science communication, and
active participation in various research areas of time-domain
astronomy. The R2Pub telescope is equipped with a dual-tube
optical system, enabling simultaneous observations in two
different photometric bands. This capability allows for precise
color measurements, thereby improving the characterization of
transients and variable sources. In this paper, we present a
detailed description of the R2Pub system, including its
hardware, software, and overall performance.

2. Hardware System
2.1. Enclosure

The dome of the R2Pub Observatory adopts a traditional
observatory dome, which effectively reduces straylight inter-
ference. It can also enhance the wind load resistence of the
system, and minimize the impact of humid air on internal
equipments compared to the rolling roof or all-sky dome. To
accommodate simultaneous observation with dual telescopes,
the dome opening has been specially customized to a width of
3.1m. The design of the dome also ensures minimal
obstruction at horizontal angles. Due to the excellent atmo-
spheric transparency at Daocheng, we can set the elevation
angle to be as low as 20°. Figure 1 shows the layout of the
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Figure 2. A real image of the R2Pub system installed inside the dome.

R2Pub telescope system, while Figure 2 provides an overview
of the R2Pub system inside the dome.

As shown in Figure 1, the telescope’s pier and the dome
structure are supported independently. The central platform
and telescope pier are integrated as a single unit, and are
decoupled from the dome support system to minimize the
vibration impact on the observations during the operation of
the telescope. The control system of the dome is powered by a
380V supply and is equipped with a 380 V UPS (uninterrup-
tible power supply), backup power system. The control and
data processing systems, however, use a 220 V power supply,
which is also supported by a separate UPS for backup.

The dome control system consists of three parts: rotation,
opening/closing control, and position feedback. Power for
dome rotation and opening/closing is supplied via a slip ring
and guide rail, ensuring continuous power during the
operation. Both dome rotation, opening/closing are driven
by a gear-and-chain mechanism. To synchronize with the
telescope’s pointing, the dome rotation uses an incremental
rotary encoder for position feedback and is equipped with a
limit switch for precise positioning. The dome’s actuation does
not require continuous position feedback, but it is equipped
with position-limited switches to ensure safety of the
telescopes. It takes about 3 minutes to open or close the dome,
and the dome can complete a full rotation in about 4 minutes.
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Figure 3. Illustration of the two tubes mounted on the DDM200 equatorial
mount. Reproduced (with minor modifications) with permission from Astro
Systeme Austria GmbH (ASA).

Table 2
Specifications of the Mount ASA DDM200

Mount type German equatorial mount
Maximum payload 200 kg

Maximum slew rate >10°s"!

Latitude Range 0° to 90°

Pointing accuracy
Tracking accuracy

<8” rms with pointing model
<0'25 rms in 5 minutes

Regarding the control system, the dome uses an astronomy
common object Model (ASCOM)-compatible driver developed
based on the component object model (COM) components. The
driver facilitates the integration of the dome and telescope
control systems, and allows for further upgrades in the future.
The ASCOM platform also supports remote operation, laying
the foundation for remote control of the dome.

2.2. Mount

Classical telescope mounts are generally categorized into
two main types: alt-azimuth mounts and equatorial mounts.
Both types have their respective advantages and disadvan-
tages. Equatorial mounts can effectively avoid the issue of
field-of-view (FoV) rotation and minimize the performance
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degradation near the zenith, making them more suitable for
small-aperture telescope systems.

Each R2Pub tube weighs approximately 150kg, with an
additional 21 kg for the camera and extra weight from cables,
cooling tubes, and other components, bringing the total weight
to nearly 200 kg. The DDM200 (DDM: direct-drive mount)
equatorial mount, manufactured by Astro Systeme Austria
(ASA), is adopted to support a payload of up to 200 kg.

The configuration of the two telescopes on the DDM200
equatorial mount’ is shown in Figure 3. Since both telescopes
are mounted on the same platform, no additional counter-
weights are required, allowing the entire payload capacity to
be utilized by the telescopes. The specifications of the mount
are listed in Table 2.

The DDM200 mount utilizes industrial-grade direct-drive
(DD) motors and high-resolution absolute encoders. The
DDM200 equatorial mount utilized by the R2Pub system
achieves a maximum slew speed of 10 degs™'. However, due
to the facts that the dome takes about 4 minutes to complete a
full rotation, high-speed tracking is not required for our
scientific observations, and excessive acceleration may even
be detrimental to the system, we thus limited the mount’s slew
rate to 3 deg s '. Even at this reduced rate, the telescope will
frequently necessitate waiting for dome alignment.

When observing the sky areas ranging from 20° to 85° above
the horizon, the DDM200 mount achieves an rms pointing error
of less than 8” without the need for guiding. Based on the
pointing model, the tracking accuracy in 5 minutes is less than
0.25 rms.

2.3. Telescope and Focuser

Telescope performance is determined by key parameters
including aperture, focal length, FoV, and image quality. The
R2Pub system features two modified reflective prime-focus
telescopes, which are custom-developed by ASA. Figure 4
shows the optical configuration of the R2Pub system, where the
primary mirror is enclosed within a sealed tube, and a five-
element corrector lens group positioned near the camera
achieves optimized performance. Through this corrected design,
the Ultra Wide Field 600 (UWF600) telescope10 demonstrates
significantly improved field flatness, reduced edge distortion,
and stable imaging quality. The central obscuration ratio
remains below 26% even when accounting for combined
obstructions from both the camera and corrector assembly. The
sealed tube configuration effectively minimizes stray light
interference and environmental impacts from high humidity.

The UWF600 telescope (f/1.7) employs three dedicated
motors with corresponding absolute encoders at both the
primary and corrector positions. This configuration enables not

° htps: //www.astrosysteme.com/en-us/products /asa-ddm200/

19 hitps:/ /www.astrosysteme.com /en-us /products /uwf600-f1-7/
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Figure 4. Illustration of the optical configuration of the R2Pub telescope.
Reproduced with permission from Astro Systeme Austria GmbH (ASA).

Table 3
Specifications of the UWF600 Optical System

Telescope diameter 600 mm
Working f-ratio f/1.7

Focal length 1020 mm
Central obscuration” <37.5%
Back focus distance 62.31 mm

Image field 84 mm

System FoV (with R2Pub camera) ~18 deg’

Encircled energy 85% within 076

Designed working wavelength 400~900 nm

Mirror material Russian K8 (like Schott
BK-7)

Diffraction limited surface quality
(P-V wave front)

Minimum of 1/4\

Mirror coating reflectivity 96%
Designed rms spotsize 1.76~3.46 pm
OTA weight ~50kg

only compensation for misalignment of optical axis, focal
plane tilt, and interface anomalies, but also achieves focal
length adjustment through coordinated translation of optical
components. Consequently, the system eliminates the need for
a separate focusing.

Table 3 presents the specifications of the modified reflective
prime-focus design. Each telescope is equipped with a 600 mm
diameter primary mirror fabricated from high-precision optical
substrate, delivering a system Strehl ratio greater than 94%.
With a primary focal length of 1020 mm and a fast focal ratio
of f/1.7, the optical system operates effectively across the
wavelength range of 400-900 nm. This combination of
aperture, focal ratio, and broadband performance facilitates
excellent image quality with reduced exposure times, making
the system ideal for high-throughput astronomical surveys and
time-domain observations.

Song et al.
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Figure 5. The transmission curves of the R2Pub filters in u/, g/, r/, and i/
bands.

The optimized corrector delivers an 84 mm diameter
corrected image circle at the focal plane, yielding a wide and
well-corrected FoV. With the camera configuration adopted
for the R2Pub system, this optical design provides a system-
level field of view of approximately 18 deg®, while the detailed
FoV calculation is presented in Section 2.5. This optical
configuration ensures high resolution with minimal distortion
across the usable field, making it specifically tailored for wide-
field surveys and precision astronomical observations.

2.4. Filter

Considering the effective FoV of the R2Pub system and the
position of the filters in the optical path, we customized
circular filters with a diameter of 140 mm and a thickness of
3 mm. Since the telescope uses a prime focus design and does
not allow for the installation of an automatic filter wheel, we
designed a manual filter drawer for filter replacement.

Based on the SDSS filters and the transmission character-
istics of the telescope itself, we customized four filters: u/, g/,
r’, and i’. Their central wavelengths are 3600 10\, 4700 10\, 6250
A, and 7550 A, respectively, with corresponding full width at
half maximum (FWHM) values of 900 A, 1350 A, 1380 A,
and 1210 A. Figure 5 displays the transmission curves of the
R2Pub system’s filters.

For the first phase of the survey, we plan to use the g’ and r’
filters in the two telescopes. This combination will allow us to
simultaneously capture the g’ — r’ colors for all survey targets.
In subsequent survey phases, we will experiment with
combinations of filters such as u’ and i’.

2.5. Camera

The specifications of the COSMOS-66 camera are sum-
marized in Table 4.

As part of our sky-survey program, we selected the PI
COSMOS-66'" to maximize the FoV, a large-format CMOS
camera whose performance and characteristics have been

" https: / /www.teledynevisionsolutions.com /products/cosmos /
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Table 4
Specifications of the COSMOS-66 Camera
Model PI COSMOS-66
Effective pixel area 8120 x 8120
Pixel Size 10 pgm x 10 pm
Sensor Area 81.2 mm x 81.2 mm
Peak QE% >86% peak QE*

Full Well Capacity
Readout Noise
Readout Modes
Dark Current
Cooling Method
Cooling Temperature

14k e~ (typical, high gain)
<1.5 ¢ rms (high gain mode)
Rolling and Global shutter
<0.05 e™/p/s (typical)

TEC with liquid circulation
<—25°C (guaranteed)

Bit Depth 14-, 16-

Window Material UV grade quartz glass®
Camera Weight 21.4kg

Nonlinearity <1%

Notes.

 Related to coating, see the plot of QE curve.

® The camera window is made of UV-grade fused silica, specified by the
manufacturer as JGSI1.

extensively characterized by Layden et al. (2025). With its
81.2mm x 81.2 mm active area and the UWF600 telescope of
focal length f = 1020 mm, the geometric field along each axis
is 4.56, i.e., about 20.8 deg2 for the full-frame. The sensor
diagonal is 114.8 mm, which exceeds the UWF600’s nominal
84 mm corrected image circle. To avoid degraded edge
performance, we conservatively adopt a usable field of
~18 deg?, and use this value throughout the paper.

The PI COSMOS-66 detector is a single-chip CMOS with a
resolution of 8120 x 8120 pixels, each pixel measuring
10 pm X 10 pm. The pixel size, combined with the resolution
of the UWF600 telescope, results in a resolution of 2"02 per
pixel. The median value of the seeing quality at Wuming
Mountain Observatory of Daocheng, where the R2Pub
telescope is located, is 0’99 (Liu et al. 2018; Song et al.
2020), which is monitored in an under-sampled situation.
However, given the primary goal of maximizing survey
efficiency and considering the factors like focal length changes
and vibrations caused by wind, the 2.02 per pixel resolution is
acceptable for time-domain observations.

The UWF600 has a back focus from the flange of 62.31 mm,
which can support a total distance of 24.1 mm from the sealing
gasket of the PI COSMOS-66 detector to the sensor location.
Using a custom-designed lightweight adapter, we connected
the detector to the telescope while also incorporating a filter
drawer into the adapter.

By utilizing the PI COSMOS camera SDK, we developed an
asynchronous imaging program, allowing the camera to
capture and save images concurrently. While one image is
being captured, the previous image data is saved. The size of
each individual image from the PI COSMOS-66 is
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approximately 127 MB, and the readout and saving time per
frame is well under 1s. Our survey cadence is normally 10s,
with a shortest cadence of 1s. This setting ensures the total
readout and saving time acceptable.

The PI COSMOS-66 camera currently provides two primary
readout configurations: a 14 bit rolling shutter mode and a
16 bit global shutter mode. In the rolling shutter configuration,
the high-gain readout exhibits a noise level of 1.4 e, whereas
the 16 bit global shutter mode shows a higher readout noise of
~6e”. For our standard 10s exposures, the 14 bit rolling
shutter mode is adopted, as it yields a superior signal-to-noise
ratio under these conditions. For 10 s exposures, the distinction
between rolling and global shutter is negligible. Thus, the
noise level is the decisive factor. Additional operating modes,
such as an 18 bit readout and a 16 bit high-correlated multi-
sampling 8 x mode, are included in the hardware design but
are not supported in the current firmware. These advanced
modes will be evaluated following future firmware upgrades.

The PI COSMOS camera system employs a liquid cooling
solution utilizing two 1000W compressor-driven water
chillers with pure ethylene glycol coolant. However, this
configuration encountered operational challenges when ambi-
ent temperatures dropped below 3°C, leading to compressor
startup failures. This low-temperature limitation issue was
successfully solved by implementing environmental heating
measures around the chillers’ operational area to maintain
adequate thermal conditions for proper system initialization.

2.6. Network and Computing Infrastructure

Located in Daocheng, Sichuan province, at an altitude of
4700 m, the R2Pub telescope operates as an unmanned facility
under extreme climatic conditions. To meet stringent relia-
bility requirements for computer systems, we deployed three
industrial control computers. Two control dual detectors for
imaging operations, while the rest one manages the equatorial
mount and dome. The network and computing infrastructure of
the R2Pub telescope system is illustrated in Figure 6.

The observatory leverages a fiber-optic internet connection
for data transmission. Due to the network instability when
connecting directly from Daocheng to the Beijing Planetarium,
we employ cloud storage as an intermediary to solve the data
synchronization issue. With this approach, high reliability is
achieved with only moderately decreased synchronization
speed. Images are directly uploaded to the cloud via this link,
with each frame taking approximately 3—4 s to transfer. At the
same time, data processing workstations and redundant storage
systems at the Beijing Planetarium automatically download
these cloud-synced images at a rate of about 10 s per file. In the
future, we plan to deploy localized data processing work-
stations at Daocheng Observatory to enable real-time proces-
sing of sky survey data.
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3. Software System and Survey Strategy
3.1. Software System

The R2Pub software system is structured by two core
subsystems: the Observation Subsystem and the Data Proces-
sing Subsystem. The Observation Subsystem accepts inputs
such as observation schedules or General Coordinates Network
alerts. Then it commands the telescope to acquire exposures of
specified targets. The Data Processing Subsystem performs
preprocessing of raw images, including template subtraction,
photometry, and transient detection. The Observation Sub-
system runs primarily on a Windows platform, while the Data
Processing Subsystem operates mainly on Linux system.

3.1.1. Observation Subsystem

The observation subsystem comprises several dedicated
modules: telescope tube control, equatorial mount control,
camera control, dome control, weather warning and monitoring,
and a central scheduling system. Each module operates with its
own specialized control software, integrated via Python
scripting, and is coordinated under the command of the central
control module. These modules are described below.

Camera Control Module. Each R2Pub telescope is equipped
with an individual camera. Therefore, simultaneous exposure
is required during the observations. To accomplish this, the
camera control subsystem employs the general Remote
Procedure Call (gRPC) framework in Python, which is
structured in a client-server architecture. Each camera
connects directly to its own server, simultaneously commu-
nicates with a shared client for control.

On the server side, the Teledyne-provided SDK is integrated
through Python to manage camera operations, including
cooling, exposure triggering, data readout, and image storage.
Detailed camera parameters are embedded and preserved
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within the FITS headers. Image data are saved using lossless
RICE 1 compression, significantly reducing file sizes for
efficient data transfer and storage. A flat-field imaging module
is also implemented, which dynamically estimates appropriate
exposure times based on real-time flux measurements toenable
adaptive calibration under varying sky conditions.

The gRPC interface enables efficient non-blocking commu-
nication. It facilitates simultaneous exposure across multiple
cameras and seamless bidirectional parameter exchange
between servers and the central clients.

The current software-based synchronization over gRPC, with
each camera connected through a CoaXPress data interface,
achieves a relative timing precision of approximately 1 ms,
limited mainly by network and system scheduling latency.
COSMOS-66 supports deterministic hardware triggering with
microsecond or sub-microsecond latency and jitter under ideal
conditions. A planned upgrade will therefore implement GPS-
disciplined hardware triggering to realize this level of
synchronization accuracy, with absolute timing traceable
to UTC.

Equatorial Mount Control. Telescope pointing, tracking,
and parking operations are performed using Autoslew
software, which is featured by an intuitive graphical user
interface (GUI). Autoslew also supports the ASCOM
interface, allowing the central control module to seamlessly
access real-time mount positional data and operational control,
thereby ensuring precise and automated telescope guidance.

Dome Control. Dome operations, including rotation, tracking
synchronization with the telescope, and shutter mechanisms, are
managed via both a GUI and the ASCOM interface. This allows
operators and scripts to control the dome in a flexible manner,
ensuring efficient and reliable dome operation.

Telescope Tube Control. The telescope tube control is
specialized, consisting of three primary mirror motors and
three corrector mirror motors. Each motor has an individual
distance sensor andis independently manageable via the ASA
Gateway GUI This GUI additionally provides synchronized
control of the primary mirror motors in order to achieve
precise focus adjustments.

Weather Warning and Monitoring. Environmental condi-
tions—including temperature, humidity, wind speed, and wind
direction—are continuously monitored. The central control
module uses these data to assess observing feasibility,
automatically triggering dome closures in response to adverse
weather conditions. Furthermore, it monitors UPS and other
critical infrastructure to guarantee timely dome closure and
equipment safety in power interruptions.

Central Control Module. The central control module
integrates functionalities via gRPC and ASCOM interfaces,
serving as the operational backbone of the subsystem. Its internal
scheduling system ingests an observation list and automatically
coordinates telescope pointing and exposure operations. This
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versatile scheduling supports continuous monitoring of single
sky regions or expansive sky scanning tasks.
The scheduling system handles the following tasks:

1. Meridian Flip. When the observation target approaches
the meridian, the scheduling system automatically per-
forms a meridian flip to ensure the telescope can
continue observing as it moves toward the western sky.

2. Avoiding Southwest Winds. Due to the prevalent south-
west winds at the Daocheng site, the scheduling system
avoids pointing the telescope to the southwest when
wind speeds exceed level 4, which can be measured from
weather probes. The system will automatically switch to
the next observation target to prevent vibrations that
could affect image quality.

3. Scheduled and Emergency Dome Closure. Scheduled
dome closures upon completing all observational tasks
and emergency closures triggered by critical events such
as power outages, network disruptions, or deteriorating
weather conditions are supported.

4. Safety Angle Limits. The Python package Skyfield
is used to calculate safety angular distances to the Moon
and other potential hazards, as well as safety altitudes. If
an observation target is close to these limits, the system
will check whether the target is within safety parameters
before proceeding. If the target exceeds safety limits, the
scheduling system will switch to the next target.

The central control’s observation scheduling relies on a
specialized list-generation tool developed in Django. This
tool facilitates collaborative integration of diverse observa-
tional requests across varying targets and timelines, substan-
tially enhancing telescope utilization efficiency and reducing
observer’s workload.

3.1.2. Data Reduction Subsystem

The R2Pub data reduction subsystem is tailored according to
scientific goals. For short-period variable sources, the primary
objective is to extract minute-scale light curves. We developed
and enhanced processing code based on projects such as
STDPipe (Karpov 2021) and AutoPhOT (Brennan &
Fraser 2022), establishing an efficient pipeline for photometry
of short-period variables. The data processing workflow
consists of the following steps:

1. Data Reduction. Raw images undergo bias subtraction,
flat-field correction, and stacking. Initially implemented
using CCDProc, the process was optimized by rewriting
key parts in CuPy, utilizing GPU acceleration to handle
the large (8120 x 8120 pixel) data efficiently.

2. Initial WCS Registration. Original frames lack complete
WCS information. Thus, equatorial mount R.A./decl.
data preserved in FITS headers facilitates WCS solu-
tions. ASTAP is adopted due to its speed and versatility
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in handling varying FoV. Those unresolved images are
discarded as defective.

3. Source Extraction. Precise R.A./decl. positions of all
sources are obtained using SExtractor. This step
includes bad pixel and cosmic-ray marking, followed by
extraction using a default aperture based on an FWHM
of 3.5.

4. Precise WCS Registration. Utilizing initial WCS data
and extracted sources, SCAMP refines WCS solutions
using the Gaia DR3 catalog as a reference.

5. Photometry. Background-subtracted detailed photometry
is conducted to measure instrumental magnitudes, magni-
tude errors, and precise positions using SExtractor.
Columns such as MAG_BEST and MAG_AUTO are
retained, while aperture photometry results are saved in
MAG_APER, using the median FWHM from the initial
measurement.

6. Flux Calibration. Instrumental magnitudes are converted
into AB magnitudes using reference stars from the Pan-
STARRS catalog. Sources are quality-controlled based on
Pan-STARRS magnitudes and MAGERR_AUTO criteria,
followed by weighted linear fitting with Statsmodels’
WLS method for final AB magnitude calculation.

Subsequently, deeper images are generated by combining
multiple calibrated frames using SWarp. Template images are
created for specific sky regions. Applying image subtraction
with Hotpants, transient sources are then identified in the
template-subtracted images.

3.2. Sky Coverage and Survey Strategy

Each frame of the R2Pub system covers approximately
18 deg?, enabling the survey to span declinations from —20° to
+90°, thereby reaching the north celestial pole. Figure 7 shows
the distribution of survey fields, each covering ~18 deg® with
simultaneous observations in g’ and 7’ bands. To mitigate edge
effects and avoid placing transient sources on the borders of
adjacent frames, a field overlap factor of 0.2 is adopted,
corresponding to a 20% overlap between neighboring fields.
Here, an overlap factor of 0 denotes no overlap, while a value
of 0.5 represents a 50% overlap.

Our sky survey employs two distinct strategies. The first is the
transient survey, which primarily targets extragalactic regions
outside the Galactic plane (light green areas in Figure 7). The
second is the short-period variable survey, focusing on the
Galactic plane, defined here as regions with Galactic latitude
|b| < 10° (dark green areas along the plane in Figure 7).

For the short-period variable survey, each field is observed
continuously for 2-3hr or more cycles with individual
exposure of 10 s, allowing accurate light-curve measurements
of rapidly varying stellar sources. In the supernova survey
mode, each targeted field receives a cumulative exposure of
either 60 s or 90 s, achieved through consecutive 10 s frames
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Figure 7. Sky coverage of the R2Pub survey. The green grid represents the
extragalactic fields targeted by the supernova survey, covering declinations
from —20° to +90°. The darker band along the Galactic plane corresponds to
the short-period variable survey, defined as regions with Galactic latitude |
b| < 10°. Each field covers ~18 deg2 with a 20% overlap between adjacent
frames.

to avoid detector saturation. During data processing, these
consecutive frames are combined into a single stacked image,
which facilitates the removal of cosmic rays and satellite trails.
The daily survey schedule is generated automatically,
prioritizing fields near the meridian to minimize slewing
overheads and ensuring a suitable revisit cadence.

Operating the two telescopes in a deployed configuration can
effectively double the single-frame FoV. This mode, however,
precludes simultaneous acquisition in both photometric bands.
The observing modes can be dynamically reconfigured using the
declination control mechanism of the equatorial mount.

At a 60 s cumulative exposure, the survey covers approxi-
mately 50 sky regions per hour. During the winter observa-
tional season at Daocheng, the dual-band mode facilitates a
coverage of approximately 7000 deg” per night.

4. R2Pub Performance and Initial Scientific Results

In this section, we discuss the performance of the R2Pub
system based on a pilot survey conducted in recent months.
Observations were carried out using both the g’ and r’ filters.
The resulting light curves are compared with data from ZTF.
Preliminary comparison results are presented here, while
detailed scientific analysis and findings will be reported in
future publications.

4.1. Mount Performance

Upon completion of the installation, we constructed a
pointing model for the R2Pub system. Although ASA’s
proprietary sequence software is capable of automatically
selecting target points, performing imaging, and executing
plate-solving to generate pointing models, it relies on Maxim
DL software. However, the Maxim DL is incompatible with
our camera due to the substantial size of single-frame data.
Additionally, our camera and mount are operated on separate
control computers, further precluding the use of sequence. To
address these constraints, we developed a suite of custom
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Figure 8. Left: the positions selected for building the pointing model of
R2Pub. The panel shows 196 uniformly distributed target positions
atelevations between 30° and 80°, color-coded by the magnitude of pointing
errors before model correction. Positions missed due to cloud interference are
marked with crosses. The final dataset yielded 182 valid points, with an rms
error of 726.54 and a maximum error of 1019793. Right: pointing error
distribution after applying the pointing model, where the rms error was
reduced to 57'./01, the median error to 36'.’91, and the maximum error to
19834

software tools. These include a point-selection algorithm based
on uniformly distributed points on a sphere generated from a
Fibonacci sphere method, an imaging tool that captures images
sequentially by azimuth coordinates, and a positional error
calculation tool using ASTAP software. These computed
offsets are subsequently fed into the mount’s control software
Autoslew, to build the pointing model.

The left plot of Figure 8 shows the selected pointing positions,
consisting of 196 evenly distributed points at elevations between
30° and 80°. Regions near the northern celestial pole are
intentionally avoided. Colors denote the magnitude of pointing
errors before applying the pointing model. Due to cloud
interference, some positions were omitted and are marked with
crosses. The final dataset contains 182 valid data points, yielding
an rms pointing error of 726.54 and a maximum error of
101993. The substantialinitial errors indicate that the polar axis
requires fine adjustments. Improved pointing accuracy is
expected to follow subsequent polar alignment adjustments.

The right panel of Figure 8 shows the pointing errors after
applying the established pointing model. The pointing accuracy
is significantly improved with a reduced rms error of 57.01, a
median error of 36.91 and a maximum error of 198.34. These
results are acceptable given the system’s wide FoV, which is
~18 deg®. Moreover, the comprehensive use of pointing error
data from all selected positions is expected to significantly
suppress the largest errors. The large maximum error was likely
exacerbated by missing observations in regions affected by
cloud coverage, and incorporating a more complete dataset is
expected to enhance the robustness of the pointing model.

4.2. Camera Performance

We performed stability tests of the cooling temperature and
bias level for two CMOS detectors. During the test, Camera 1
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Figure 9. Temporal variations of detector bias level (red points with error bars) and temperature (black line) during a ~9 hr stability test for Camera 1 (left) and
Camera 2 (right). The test was conducted at the observatory site, where ambient conditions differ from those in the laboratory. Due to a cooling limitation, the
detector temperature of Camera 2 reached only about —15°C, while Camera 1 maintained —20°C. Bias values represent the median signal within the central

500 x 500 pixel region, with error bars indicating standard deviations.

required approximately 1hr to cool down to —20°C, whereas
Camera 2 required about 3.5hr to cool down to —15°C.
Consequently, we set the target lock-in temperature as —20°C for
Camera 1 and —15°C for Camera 2. The detector SDK reports
temperature values with an integer resolution of 1°C. Throughout
the test, Camera 1 consistently maintained at a temperature of
—20°C, while Camera 2 stabilized at a temperature of —14°C,
demonstrating their excellent thermal stabilities.

At these stabilized temperatures, the mean bias levels and
standard deviations (stdev) were measured as follows: for
Camera 1, a mean value of 101.0 ADU is obtained, with a
stdev of 1.9 ADU; for Camera 2, the mean value and the stdev
are 100.0 ADU and 1.9 ADU, respectively. The two detectors
showed highly consistent bias characteristics.

Figure 9 shows the variations in detector temperature and
bias recorded over a period of about 9 hr. The red data points
with error bars, sampled every 5 minutes, represent the median
bias and stdev calculated from the central 500 x 500 pixel
region of the detectors. The blue data points indicate the
corresponding temperature readings, also sampled at a
5 minutes interval. The results reveal stable detector tempera-
tures (—20°C for Camera 1 and ~—15°C for Camera 2) and
highly consistent bias levels as well.

We measured the readout noise and dark current of two
cameras in two modes. The detector was operated at —25°C in
complete darkness using a light-tight cover. Bias frames at the
camera’s shortest exposure (0 ms) and dark frames with 500 s
integration were acquired. The choice of —25°C was
motivated by stable laboratory environment during the test,
in contrast to the operational settings of —20°C and —15°C
adopted on site due to different camera cooling times. When
determining the readout noise, 50 bias frames were rando-
mized and paired into 25 difference images, with each being
clipped to remove outliers. After computing their stdev o; and
taking the median oy,q, the readout-noise was calculated as

G Omed

7

where G is the system gain in electrons per analog-to-digital
unit (e~ /ADU). For dark-current measurement, the average

Oread =

Table 5
Test Results of Two Cameras in Two Readout Modes
Camera Parameter High-speed Low-noise
1 Readout noise (e") 1.6 8.3
Dark current (e~ pix 's ") 0.00 0.066
Gain (e~ /ADU) 0.93 1.70
Full well depth (e7) 1.7 x 10* 1.19 x 10°
2 Readout noise (e") 1.5 7.3
Dark current (e~ pix’1 s7h 0.00 0.11
Gain (e~ /ADU) 0.93 1.73
Full well depth (e7) 1.6 x 10* 1.30 x 10°

Note. The high-speed mode uses a 14 bit ADC, while the low-noise mode
employs a 16 bit ADC. Differences in readout noise reflect distinct analog/
digital readout paths. Small variations in dark current are within measurement
uncertainty.

bias and dark frames were subtracted to form a dark field.

Within a uniform region after removing hot pixels with 50-

clipping, the mean pixel value Ny, _pias (in ADU) yielded
Ngark—bias G

Ly = I4 P
exp

fexp = 500 s.

The test results are presented in Table 5.

To characterize the detector’s quantum efficiency (QE), the
monochromator output was coupled to an integrating sphere
and directed onto the detector through the camera’s optical
window. At each wavelength, the exposure time was adjusted
so that the resulting flat-field image filled roughly half of the
full-scale range. Measurements were taken with a 20 nm
interval across the wavelength range from 250 to 1010 nm,
recording one flat-field image per wavelength. At the same
time, a calibrated monitor photodiode, traceable to a standard
reference and cross-calibrated against an identical device
placed at the telescope focal plane, continuously tracked the
sphere output and provided the absolute irradiance. The digital
counts from the detectors were converted to electrons using the
known system gain and then compared to the number of
incident photons as derived from the monitor current and its
responsivity. The ratio of generated electrons to incident
photons at each wavelength defines the QE curve.
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Figure 10. Measured QE curves of the two sCMOS detectors. Detector No. 1
(blue) is equipped with an AR coating, while Detector No. 2 (orange) is
uncoated. The dashed gray curve shows the vendor-specified QE curve of the
COSMOS camera (Teledyne Vision Solutions 2025), included for reference.
The QE was measured for wavelength ranging from 250 to 1010 nm, with a
20 nm steps using monochromator illumination through an integrating sphere,
with absolute irradiance monitored by a calibrated photodiode. The AR-coated
detector shows enhanced sensitivity across the 400-700 nm range, achieving a
peak QE of nearly 90%, compared to ~78% for the uncoated one.

The PI COSMOS camera is available with different anti-
reflection (AR) coatings. Detector No. 1 was fabricated with
an AR coating to enhance sensitivity in the 400-700 nm range,
while Detector No. 2 was left uncoated. Their measured QE
curves are presented in Figure 10.

4.3. Limiting Magnitude

The limiting magnitude depends on multiple factors,
including atmospheric conditions, site environment, telescope
and camera characteristics, observational strategy, and data
reduction procedures. During the commissioning phase,
relatively high-quality images were selected and the central
2500 x 2500 pixel region was cropped to reduce optical
aberrations and vignetting effects near the edges of the images.
Source detection and photometry were performed with
SExtractor using the MAG AUTO and MAGERR AUTO
parameters. Finally, the photometry was calibrated against the
Pan-STARRS catalog.

Figure 11 shows the distributions of calibrated photometric
magnitudes and errors for the g’ and r/ bands. In the g’ band,
the 5o limiting magnitude reaches 17.5 mag for a single 10 s
exposure and increases to 18.5 mag when stacking six 10 s
exposures. In the r’ band, the corresponding limits are
18.2 mag (for a single 10 s) and 18.7 mag (for a stack of six
10 s frames). Commissioning of the R2Pub system is ongoing,
and further improvements in detection limit are anticipated as
the performance and observing strategies of the system are
refined.
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Figure 11. Photometric error as a function of calibrated magnitude in the g’
(top) and r’ (bottom) bands. Results are shown for single 10 s exposures and a
stack of 6 consecutive 10 s frames. The corresponding So limiting magnitudes
are 17.5 mag and 18.5 mag in g/, and 18.2 mag and 18.7 mag in r/,
respectively.

4.4. Initial Scientific Results

During the commissioning phase, R2Pub conducted 10s-
cadence observations over selected sky regions described in
Section 3.2, with the goal of capturing short-period variable
stars and transient sources. The two tubes of R2Pub system
were equipped with g’ and r’ filters, respectively, thus the
observations were conducted simultaneously in both g’ and 7/
bands and typically lasted 2-4hr. To facilitate a direct
comparison of the photometry between R2Pub and other sky
surveys such as TMTS, we also observed several sky regions
that had been previously covered by TMTS and LAMOST.

Various types of variable stars, including eclipsing binaries
and Delta Scuti-type pulsators, are detected throughout the
observations. The high time-resolution sampling of R2Pub
enables detailed characterization of short-period variability,
particularly when combining with radial velocity information
provided by the LAMOST. An HW Vir-type eclipsing binary
was identified during the commissioning observations.
Figure 12 shows the R2Pub light curves of this source in
comparison with data from the ZTF survey. To evaluate the
photometric precision and color variation, we constructed
phase-folded light curves and g’ — r’ color curves using an
adaptive binning approach that accounts for different cadences
of the two datasets.

The R2Pub observations provide substantially higher photo-
metric precision and higher temporal sampling, producing
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Figure 12. Phase-folded light curves of the HW Vir-type eclipsing binary
obtained with R2Pub (top left: g’, r’) and ZTF (top right: g’, r’). The lower panels
show the corresponding g’ — r/ color variations as a function of orbital phase. The
R2Pub dataset exhibits smoother curves and smaller scatter (~0.01 mag) due to
higher photometric precision and denser sampling, whereas the ZTF data show
larger dispersion (~0.02-0.03 mag), particularly around eclipse ingress and egress.
A systematic offset of ~0.03 mag is visible between the two datasets, likely caused
by filter transmission curves, photometric calibration procedures, or atmospheric
extinction corrections.

smoother light curves and more stable color measurements with
a scatter of ~0.01 mag. In contrast, the ZTF data, while offering
excellent long-term temporal coverage, exhibit larger photo-
metric scatter (~0.02-0.03 mag) in the phase-folded light
curves, particularly near eclipse ingress and egress where the
colors change rapidly.

A systematic offset of about 0.03 mag in the g’ — / color is
observed between the two datasets, with ZTF consistently
appearing bluer. This offset may arise from differences in filter
transmission curves, photometric calibration procedures, or
atmospheric extinction corrections, and warrants further
investigation for precision applications.

These results highlight the complementary strengths of the
two systems: the simultaneous dual-band imaging of R2Pub
enables high-precision color measurements in short timescales,
while ZTF provides extended temporal coverage for long-term
monitoring and detection of secular variations.

Figure 13 presents representative light curves of a ¢ Scuti
star and an eclipsing binary taken by R2Pub. The § Scuti
example shows multi-cycle pulsations on timescales of tens of
minutes, while the eclipsing binary exhibits a primary eclipse
with a depth of ~0.5 mag. The high temporal resolution of
R2Pub observations provides dense phase coverage, allowing
us to resolve rapid brightness variations and identify short-
period systems. These results demonstrate the system’s
capability for time-domain surveys and highlight its potential
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Figure 13. Typical light curves obtained with the R2Pub during its
commissioning phase. Top: a é Scuti variable observed in the g’ band,
showing rapid pulsations with a timescale of tens of minutes. Bottom: an
eclipsing binary observed simultaneously in the g’ and r’ bands, displaying a
primary eclipse with a depth of ~0.5 mag. The high-cadence (10 s exposures)
and continuous coverage of several hours enable the R2Pub system to resolve
short-period variability with high precision.

for discovering and characterizing variable stars and compact
binaries.

5. Summary

In this paper, we have presented the R2Pub telescope system
and its initial scientific performance. The system is designed to
conduct a wide-field supernova and short-period variable
survey in the g’ and r/ bands, with an FoV of 18deg”. It
consists of two telescopes, each equipped with a PI COSMOS
camera, and is located at the Daocheng Observatory in Sichuan
Province with an elevation of about 4700 m.

During the commissioning phase of R2Pub, the system has
conducted a pilot survey targeting the TMTS and LAMOST
fields. These observations have demonstrated the system’s
ability to obtain stable, high-precision photometry across its
dual-band configuration, validating its readiness for scientific
operations.

The outstanding feature of the R2Pub system is its
capability for truly simultaneous observations in two photo-
metric bands. Multi-band synchronized observations are
essential in time-domain astronomy, particularly for capturing
the early-time color/temperature evolution of transient events.

To address this requirement, the Beijing Planetarium R2Pub
system was developed to provide truly simultaneous dual-band
imaging with low-noise, high-speed sCMOS detectors. This
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capability enables real-time monitoring of rapidly evolving
transients and delivers essential color and temperature
information for accurate classifications and physical inter-
pretations. Additionally, the R2Pub system offers flexible
observational modes, including single-band surveys covering
~36 degz. Enabling both high-cadence monitoring of rapid
events and wide-area coverage for transient discovery,
significantly enhancing its role in time-domain astronomy.

In conclusion, time-domain astronomy has achieved rapid
progress in recent decades. In particular, systems like R2Pub,
combining wide-field coverage with simultaneous multi-band
capability, will be essential in probing dynamic universe and
addressing physical mechanisms of transients such as super-
novae, kilonovae, variable stars, AGNs and TDE etc.
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